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The problem of space requirements for the combus- 
tion of industrial fuels in furnaces has not often been 
approached with methods other than the application of 
previous experience. An outetanding example of a theoret- 
lceal analyeis of apace requirements, which was success- 
fully applied to operating data, is the paper by Hottel 
and Stewart (6) on pulverized coal. They combined a 
knowledge of the combustion process for a single coal par- 
ticle with a size distribution law for pulverized cecal and 
euitable assumptions concerning the combustion of a cloud 
of particles. Ths data used were obtained from a furnace 
of industrial size. 

This problem of space requirements resolves into the 
determination of the completeness of combustion within a 
given time. For fuel oils, the factora affecting the 
completeness of combustion in a furnace are; (1) nature of 
the o11, (2) air-fuel ratio, (3) particle size, (4) temper- 
ature of the furnace, (5) furnace atmosphere, (6) relative 
velocity between particles and surrounding gases, and (7) 
the time spent in the furnace. 

The object of this study was to test the possibility 
of obtaining reliable operating data from an experimental 
furnace. It was hoped that such data could be analyzed to 


form a correlation of the factors affecting completeness of 
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combustion of one fuel ofl. Thus, the reverse of the 
method ueed by Hottel and Stewart for pulverized coal was 
to be applied to a fuel oll. 

The experimental furnace waa dasigned and built by 
Newton, Simpson and Vincent (8). Fortunately, the furnace 
was designed to uge air atomization of the fuel, which 
permitted the uss of the equaticn of Nukiyama and Tanleawa 
(9) for predicting the mean drop diameter of the fuel 
apray. 

By applying this equation and uging only one fuel 
oil, the remaining factors affecting completeness of com- 
bustion are either controliable and measurable or estimable. 

A few alterations were required to adapt the existing 
equipment to the present purpose. The experimental pro- 
cedure consisted of conducting runs at constant fuel rate 
and varying the air-fuel ratic from run to run. The air 
rate, fuel rate, furnace temperatures, exhaust gas temper- 
ature, fuel temperature, and combustion air temperature 
were all measured. A gas analysis of the exhaust gases was 
made from an average sample for each run. 

Difficulties experienced with the fuel supply syetem 
and the gae analysis unit thwarted the attempt to obtain 
date of sufficient accuracy to permit a correlation. The 
arrangement of the fuel-atomizing assembly permits an un- 


necessary cooling of the fuel spray at high air-fuel ratioe. 
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Tne equipment, as tested, is neither adecuate 
nor satiefectory for the present etudy. By incorporat- 
ing the changes found necessary as a result of the 
preeent investigation, the equipment could be ugeed for 
a prefitable study of the factors affacting completeness 
of combustion of fuel oils. The effects of air-fuel 
ratio, drop size and residence time could be studied 


independently. 
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Il. INTRODUCTION 


One possible approach to the problem of determining 
the space requiremente for the combustion of e fuel is 
to gather reliable operating data on a typical combustion 
chamber, then, vy judicious selection of parameters, cor- 
relate these data into usable form. Another possibility 
fe to apply the theories of combuetion, kinetics of gases, 
and heat transfer to an idealized combustion chamber, with 
appropriate simplifying assumptions, and evolve an equation 
in which the space requirement is given as a function of 
the many variables involved. Such an equation would then 
have to be modified to fit practical combustion chambere 
by the application of constants obtained from actual test 
data. When the fuel in question ig of complex composition 
and is of such phyeical form that particle-size distribu- 
tion is an important factor, the latter procedure becomes 
exceedingly complex. The combustion of distillate fuel is 
of this nature; therefore the firet approach was attempted 
in this investigation. 

Although the firet approach is arplied to the problen, 
the number of variables involved remains large. The first 
eter in the solution is to eliminate as many of the vari- 
eacdles as possible by the proper choice of equipment and 
procedure; then maintain control of as many more of the 


Variables ae possible. Thie was the general plan in this 
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investigation. The ultimate end was to be a curve of the 
fraction cf the fuel left unburned at any time versus a 
time facter. Such a curve, or family of curvas, could then 
be used to predict the required size of other combustion 
chambere of similar construction, using the same fuel. If 
this investigation were carried further to include other 
types of combustion chambers, a series of curves could then 
be produced for use in the design of any combustion chamber 
in which the same fuel is to be used. 

An excellent example of the second method of approach, 
mentioned above, is the work of Hottel and Stewert (6), 
which provided the inspiration for the present work. If 
is firmly believed that the space requirements for the 
combustion of fuel oils can be obtained by the sams general 
method as ue#d by Hottel and Stewart to obtain the space 
requirements for the combustion of pulverized Goal. Their 
method consists of a correlation of a size distribution 
law for pulverized coal particles with the laws of burning 
individual particles and suitable asseumptione applicable 
to the combuetion of a cloud of particles. A more complete 
account of the methoda applied to the problem of space 
recuiremente for combustion is given in the Appendix. 

The work of Nukiyama end Tanisawa (9) provided the 
size distribution law for fuel o11 using air atomization, 


whieh ie applied in this investization. There ise not, 
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however, any law for the combustion of individual particles 
of distillate fuel available in the literature. Chang (2) 
aetudied the combustion of individual drope of heavy fuel 
oil; howsver his findings are not arrliicable to distillate 
fuel because of the differences in composition. The lack 

of knowlsdge of the combuetion characterietice of individual 
distillate oil particles imposed a serious handicap on 

the present investigation. It was felt, however, that with 
the resulte of Hottel and Stewart es a guide, this handi- 
Cep could be overcome. 
Tne real cause of interest in the space requirement 

for the combustion of distillate fuel is the promise which 
28s turbines hold for power plants, both mobile and sta- 
tionary. At present, the fuel which eeems quite likely to 
be used in the combustion chamber of the gas turbine power 
plant is distillate fuel. Thus, one object of this study 
was to provide data and information useful in the deelgn 

cf gas turbine combustion chambers. Such combustion chambere 
are necessarily of very high capacity and contain little 

or no heat tranefer surfaces. It wae, therefore, desirable 
to use such a combustion chamber for this study. Newton, 
Simpeon and Vineent (8) designed and built a combustion 
chamber of thie type, incorporating air atomization, for 
their etudy of the formation of stack solids from the com- 


bustion of heavy fuel of1. Their combustion chamber wae 
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designed to have the capacity of a naval, 8xpress-type, 
boiler furnace; and, although the desired capacity is 
almost double that, it was decided to use this combustion 
chamber to test its suitability for the present type of 
investigation. 

As shown from previous work (2), (6), (7) and (8) 
the factors affecting the completeness of combustion of 
a fuel o11 in a furnace are: (1) the nature of the oil, 
(2) the air-fuel ratio, (3) particle size, (4) tempsrature, 
(5) furnace atmogphere, (6) relative velocity between the 
particle and surrounding gases, and (7) the time in the 
furnace. For the present investigation it was assumed 
that all these factors would be known, calculable or 
m@asurabie to a sufficiently accurate degree for each test 


to permit their correlation. 


fhe Equipment 

The arrangement of the equipment is shown in Figures 
I, Ii and IiI. This arrangement is the same as was used 
by Newton, Simpgon and Vincent (8) with the following 
exceptions: 

(1) the gaes-sampling fitting was moved from its 
location after the cyclone separator to a position just 
before the cyclone separator; 

(2) The gas-sampling fitting wae equipped with a 


water-cooled coil; 
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(3) the gage sample wae drawn into ae large glass 
container over a 20% NaCl and 5% H980Q, solution by syphon 
adtion; 

(4) the fuel line from the fuel reservoir was fitted 
with a coupling to permit easier handiing; and, 

(5) in the later stage of the present study, the 
fuel reservoir was moved vertically upward ten feet and 
five inches. 

The equipment consists of the following components: 

Furnace - The furnace is a long chamber of small 
square crocs-section fired down-draft. The small crogs- 
eection minimizes variation of the path Length of the par- 
tioles of fuel. There is no provision for temperature 
eontrol of the furnace, except during the warm-up pertod, 
the temperature being dependent upon the firing rate and 
excees air. The furnace casing is fitted with small open- 
ings to parmit visual observation, temperature measurement 
and pressure measurement. The top section is fitted with 
connections to permlt the use of city gas in warming up 
the furnace prior to a test run. The lowest secticn of the 
furnace may be removed to change the furnace vcolume; however 
this feature was not utilized. The furnace lining is a 
dual-purposs refractory and insulating brick. The details 
of the furnace are shown in Figures IV and Y. 


Quenching Unit - The purposes of thie unit is to step 
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combuetion by cooling the gases as they reach the end of 
the furnace; thus the volume available for combustion is 

a known quantity, provided that the flame remaing at a 
fixed position. The unit consists of a single row of thin- 
walled, 2" diameter, copper tubes flattened and placed 

with their long dimension in the direction of the gae flow. 
The eide walls of the unit are water-cooled. It is possible 
to vary the water flow rate through the unit over a con- 
siderable range, the upper limit being fixed by the allow- 
able pressure within the tubes. Toc high a pressure causes 
leake; but, with careful handling, the unit performs quite 
Satisfactorily. It is possible to cool the gases from 
temperatures in the vicinity of 2100°F. to 1100°F. in 

their short travel through the unit. 

Fuel Supply - The fuel supply consists of a gravity- 
feed reservoir of one-gallon cepacity with a supply line, 
valve-controlled, ending in a fuel orifice. The cover of 
the reservoir is fitted with a thermometer well for use in 
measuring the fuel temperature. Originally, and during the 
major portion of the present study, the reservoir was sus- 
pended just above the furnace. After half the test runs 
had been conducted it was decided that the changing level 
of the fuel had too large an effect on the fuel rate. The 
reservoir was then relocated in a position 10'-5" above its 


original position so that the total head was 13'-9". This 
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was done on the basis that a change of head of the fuel 

o11 of ten or twelve inches during a test run would not 
affect the fuel rate appreciably; the fuel rate would, 
therefore, be constant. This change introduced a new 
problem, however, because with euch a large total head 

the fuel rates were excessively high, even with a very 
small fuel orifice. Throttling the fuel flow with the 
throttle vaive was not successful because the throttle 
vaive became clogged, although the fuel was strained through 
100-mesh wire screen before being placed into the reservoir. 
Finally, this difficulty was overcome by installing a fuel 
strainer consisting of two 200-mesh screens in series in 
the fuel line just above the throttle valve. 

Fuel Atomizer - Air atomization was used primarily 
because the method of Nukiyame and Tanisawa (9) could be 
used to evaluate the mean drop size. Further discussion of 
this method, and details of the theory, are given in the 
Appendix. Another advantage of this method of atomization 
is that wall-impingement of the fuel particles is minimized. 
For this particular arrangement there is the disadvantage 
that all the combustion air is introduced into the furnace 
with the fuel, which causes undue cooling of the stream at 
high air-fuel ratioe. This aspect will be discusesd further 
in the Results, Conclusions, and Recommendations. The fuel 


atomizer assembly is shown in Figure VI. 
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ceparating Unit - The cyclone separator is an 
integral part of the exhaust, and wae left intact. Its 
function was not necessary in the present study; however, 
its presence in the system was not objectionable. The 
function of the separator ie to collect stack solids from 
the combustion of heavy fuel oils. 

Control and Measuring Instruments - 

1. Air - An ASME sharp-edged orifice with vene- 
contracta pressure taps wae used to meter the air. The 
air was eupplied by a motor-driven blower with eae constant- 
pressure characteristic. Coneiderable difficulty and 
delay were experienced with this blower at the beginning 
of the experimental work bdDecauee of faulty bearings and 
poor alignment. A by-pats valve is installed for the pur- 
pose of controiling the quantity of air delivered. This 
Vaive was left wide open, becavse more reliable control was 
provided by the air atomizing-orifice in use. The blower 
has a capacity of 126 cu.ft. /min. when discharging to the 
atmosphere; but when connected to the furnace through the 
atomizing assembly the capacity wae reduced to a maximum 
of 76 cu.ft./min. at 9.2" of water. 

2. Temperaturee - Fuel and air temperatures were 
measured by thermometers. The temperature of the combustion 
air wae measured by a thermometer placed in a perforated 


well in the air duct about 2-1/2 feet from the atomizing 
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asgembly. Chromel-alumel thermecouples were uged to 
measure the furnace and exhaust gas temperatures. The 
furnace thermocouples are installed in alundum protection 
tubes as shown in Fisurs V. The exhaust gas thermocouple 
ie fitted with a single cylindrical shiele. An ice bath 
wae used for the cold junction of the thermecoupies. The 
readings were meie with a Leeds and Northrup double-sceale 
potentiometer. The location of the thermocouples ie 
shown in Figures [I and Il. 

2, Gage Sampling Eauipment - Rather than taking one or 
more small samples of exhaust fas during a test run, which 
would arply to more or less inetantanecue conditions of 
combuetion, a large-volume sample was cnllected during the 
major portion of each run. The gas-sampling fitting con- 
Sists of a perforated copper tube extending across the 
exhaust duct on the centerline. The exterior portion of 
the copper tube is water-ccoled by a coll wrapped around 
the tube. The gas Sample is drawn into a leree glass bottle 
by the syphon action of a saturated salt solution flowing 
from the Sample bottle. A small sample was later withdrawn 
from the large sample bottle for analysis. The arrange- 
ment of this equipment is shown in Pigure I. 

4. Gas Analysis Bquipment - A Fisher, unitised, pre- 
cision gas analysis unit wae used. The unit was equipped 


with burettes for the absorption of 00., ©, and CO and a 
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@low combustion unit. 

5. Pressures - Water manometers were used to measure 
the pressures in the air duct and the furnace. Atmospheric 
pressure was measured by means of a standard, meroury 
Darometer. 

6. Humidity - A sling psychrometer was used to measure 


the humidity in the roon. 
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ies: PROCEDURE 


fhe procedure was divided into three dietinct steps 
as follows: (1) preliminary work concerned with the assem- 
bly and alteration of the equipment and trial rune, (2) 
the data-taking runs and gas analyses, and (2) the calcu- 
lation and analysis of the results. 

1. Preliminary Work - The first problem was a con- 
sideration of how the existing equipment could be adapted 
for use and the changes required in order to effect the 
adaptation. Only minor changes were considered necessary 
and these have been previously noted. Parts of the equip- 
ment had been Aisassenblea: these were inspected, then 
reassembled, and the alterations were performed. The fuel 
orifice was tested and reduced in size so that a flow rate 
of 0.2 1b./min. was obtained. A preliminary trial run was 
etarted, using city gas; but had to be stopped because of 
the very poor condition of the blower-motor bearings. Upon 
reinstallation of the blower-motor, after the bearings had 
been repaired, a full trial run was made to test the pro- 
posed procedure in the conduct of the runs. The procedure 
was found to be satisfactory; but the blower-motor bearings 
failed because of improper repair. Another blower was 
obtained, an adaptor and foundation were constructed and 
the blower tested in the equipment. This new blower was 


unsatisfactory because it quickly overheated. Meanwhile, 
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the bearings of the first blower had been properly repair- 
ed and aligned; the first blower and motor were then re- 
installed. Two more trial runs were made in order to gain 
familiarity with the equipment, make minor changes in the 
procedure and to standardize the method of making the 
readings. 

2. Data-taking Runs - The general plan for making the 
runs was to start with a small-sized fuel orifice to obtain 
® low fuel rate. For each run a different air atomizing- 
orifice plate was used, thus obtaining a different air 
rate to give a different air-fuel ratio for sach run. Ori- 
fice plates with diameters 1.00%, 1.10", 1.20", 1.30" and 
1.40" were used. The air rates were varied in this manner 
from 37.5 cu.ft./min. to 76 cu.ft./min. After a series of 
runs was completed using all the orifice plates, the size 
of the fuel orifice was increased to give a higher fuel 
rate and the series of runs was repeated. 

The procedure for an individual run was as follows: 

(a) Place the desired atomizing orifice plate in 
position. 

(pb) Fill the ice bath for the cold junction of the 
thermocouples with ice. 

(ec) Start the cooling water to the quenching unit. 

(d) Set the air by-pass valve for the lowest air rate. 


insert a burning gas jet into top section of the furnace 
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through the fuel line opening. Immediately turn on city 
gas to the side jets and start blower. Adjust the gas 
flow to the side jets te give a moderate warm-up rate for 
the furnacs. 

(e) Get barometer reading. Strain and weigh the fuel 
Samplié, then place the fuel sample in the fuel reservoir. 

(f) As soon as the furnace refractory is not enough 
to reignite the city gas, shut down the gas, shut down the 
blower, remove the jet used for ignition, place the fuel 
reservoir in position, make the connection between the 
orifice and reservoir sections of the fuel line, start the 
Sas and start the blower. This sequence must be performed 
very quickly in order to prevent the metal parts at the 
top of the furnace from becoming too hot to handle. 

(g) Read and record the sling psychrometer and the 
thermocouple readings. 

(h) When the furnace reaches the approximate operating 
temperature, shut off the city gaa, open the air by~pass 
vaive wide, open the fuel throttle valve and record the 
time. 

(1) Read and record the manometer and thermocouple 
readings. 

(j) Start the flow into the gas sample bottle. 

(k) Read and record the fuel and inlet air temperatures. 


Make readings of the thermocouples at approximately four- 
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(2) Cheek tha level of the fuel in the fvel recar~ 


yoir near the end of the run. Check the menometer readings 
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determine whether they have remnined ateady. 
(m) Stop the flow into the fag garmple. Wake the 
imal reading of the thermocouples. Close the fuel throttle 

Valve and record the time. Disconnect the fuel reservoir 
and drain out the remaining fuel. Weigh the remaining 
fuel. 

(n) Withdraw a gas sample for analysis. Make the 
waa analysis. 

(o) When the furnace hag cooled gufficiently, shut 
down the blower and the ecooling water. 

3. Calculation and Analysis of the Results ~ For 
each run the Tollewing quantitica were calculated; 

(a) Average furnace temperature. 

(pb) The fraction of the fuel unburned. 

(o) The hydreren=-cerbon ratio from the fas anelyric. 

(4) The air~fuel ratio from the gage analysis. 

(e) The percent excess air from the gas analysia. 

(f) The theoretical air flow rate. 

(2) The air flow rate measured by the meter. 

(h) The percent excesa air by meter. 


(1) The air-fuel ratio measured by mster and fuel rate. 
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{(}) The flow rate of the furnace gases. 

(k) The residence time of the fuel particles in the 
furnace, obtained from the furnace-gas flow rate and the 
volume of the furnace. 

(1) The volume-surface mean drop diameter. 

(m) The heat release rate in terme of the heat 
released per hour per ecudice foot of furnace volume per 
atmosphere. 

A discussion and samples of these calculations are 
given in the Appendix. The agreement between the air- 
fuel ratio as determined from the gas analysis and that 
determined from the orifice meter and fuel rate was used 
as the basis cf judging the internal consistency and the 
accuracy of the data for each run. 

Having obtained the values listed above for e2ach run, 
a correlation of the data was sought based upon the un- 
burned fraction end a relative time factor. The correla- 
tion sought was based upon the premise that the unburned 
fraction should be a function of the residence time, the 
temperature levei of the furnace and a factor representing 
the mixing of the fuel and air such as the relative velocity 


between the fuel particles and the air. 
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LV. RESULTS AND DISCUSSION 


Performance of the Equipment 





Ag has been previously mentioned, considerable 
difficulty was experienced at the beginning of the @x- 
perimental work in obtaining satisfactory operation of 
the air blower. This difficulty was not detrimental to 
the results of the runs other than by placing an undue 
etress on the time available for completing the experi- 
mental work. 

The performance of the fuel supply system was not 
Satisfactory. During the firet half of the runs the fuel 
rate varied from one run to the next even though the fuel 
orifice remained the same. Some inorease in the fuel rate 
was expected as the air rate was increased because of 
greater drag forces on the fuel stream. The variation was 
not, however, consistent. Finally, after checking all other 
Causes of the inconsistent variation, ths fuel throttle 
valve was opened for inspection. The body cf the valve 
was found to be full of sediment from heavy fuel oil, 
evidently remaining from the previous use of the equipment. 
This source of trouble had not been evident when the fuel 
Surccrly syetem wae being calibrated for fuel rate during 
the preliminary work of the present study. This valve was 
thoroughly cleaned at the same time that the fuel reservoir 


was moved to its final location. With the fuel reservoir 
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in 4tea new location, the system still did not operate 
satisfactorily even after a fuel strainer was instelled 
in the supply line just above the throttle valive. ‘Since 
the success of the runs is dependent, toa sreat extent, 
upon maintaining a steady fuel rate and deing able to re- 
peat the same fuel rate for a series of five runs, the 
final supply system ie not entirely satiefactory. With 
the large total head resulting from the high location of 
the fuel reservoir, if is necessary to throttie the fuel 
flow with the fuel throttle valves in order to obtain the 
required low fuel rates. A calibration of the throttle 
valve is, therefore, degairable for successful operation of 
the preaent arrangement. 

The unburned fraction was obtained from the gas 
analysis as the ratio of the oxygen required to complete 
combustion to the theoretical oxygen requirement. This 
method was used for the sake of simplicity although the 
Values so obtained are slightiy higher than those based 
upon the ratio of the heating value of the unburned com 
ponente to the heating value of the fuel. In sither method 
the accuracy of determination of the unburned fraction is 
dependent upon the accuracy of the gas analysis. Unfor- 
tunately, the gas analysis unit used for this study wae also 
being used for another study; thus the author never could 


be sure of the state of the absorbente. Several times the 
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abeorbents were found to be eaturatei, but only after the 
analyses of one or wore runs had been made invalid. 

This uncertainty with regard to the fas analyees was 
coupled with another unfortunate cirourstance which made 
the situation even less reparable. It was assumed, before 
this investigation was started, that a complete cherical 
analyeis of the fuel would be aveilable. Such wae not the 
cases: however, it was properly assumed that the hydrogren- 
carbon ratio could be accurately determined from the gas 
analyses. The hydrogen-carbon ratios yielded by the gas 
analyses varied from as low as 1.15 to ast high es 1.75. 
Plotting the gas analyses fave an average value of 1.41 
for the hydrogen-carbon ratic, which value was used in all 
subssauent calculations. 

From the experiences related above it is econeluded 
that, if a complete chemical analysis of the fuel had been 
obtained first, and if a co-worker had had complete charge 
or making the gas analyses and keeping the gas analysis 
unit in proper order, far better resulte could have been 
obtained. 

Some difficulty was experienced with the gas passages 
in the quenching unit becoming blocked by soot when very 
low air-fuel ratios were used. Such low air-fuel ratios, 
12 lb. air/lb. fuel or less, were not intentional, but were 


encountered after the relocation of the fuel reservoir. As 
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the quenching unit decame Diceked with soot, the pressure 
within the furnace increased, causing a decrease in the 
air rate. The runs in which the above action occurred 
could not be used for data purposes. There was some soot 
formed in run number 24 with an air-fuel ratio of 12 1b. 
air/lb. fuel and a fuel rate of 18 1b./hr. This run gave 
the highest heat release rate encountered during the study, 
namely, 183,200 B.t.u. per hour per cubic foot of furnace 
volume per atmosphere. 

Baged upon visual observations of the flame in ail 
the runs, except those in which the sight glasses became 
obscured with soot, the atomization of the fuel was very 
good and seemed fairly uniform. There was no direct check 
made upon the degree of atomization attained, reliance being 
placed in the equation of Nukiyama and Tanisawa (9) to pre- 
dict the mean drop diameter. They recommend that the 
@quation only be used when the ratio of the air flow rate 
to the fuel flow rate, on a volumetric bdasis, is greater 
than 5000. Their data fitted their equation best when the 
air velocity through the atomizing orifice was greater than 
492 ft./eaec. In the runs made for this study the volu- 
metric air rate was always considerably greater than 5000 
times the volumetric fuel rate; however, the air velocity 
never exceedsd 192 ft./sec. There 16 no claim made that the 


drop diameters obteined from the use of the equation are 
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truly revresentative of the actual mean drop diameters. 
The drop diameters, so obtained, are useful for the pur- 
poses of comparison. The values obtained varied only from 
0.0024 inch at an air-fuel ratio of 29 lb.air/lb. fuel to 
0.0029 inch at an air-fuel ratio of 123 ib.air/1b. fuel. 
During most of the runs, the drop diamster obtained by 
the equation was constant at 0.0025 inch for a considerable 
variation of the air-fuel ratio. The findings of other 
investigators (3, 8) substantiate confidence in these results. 
The temperature level of the furnace measured at 
thermocouple No.1, which is nearest the fuel atomizer was 
directly dependent upon the air-fuel ratio. The temperature 
at thermocouples No.2, which is near the end of the furnace 
next to the quenching unit, was dependent not only upon 
the air-fuel ratio but also upon the temperature to which 
that section of the furnace had been raised before the run 
was started. The warm-up period was based upon bringing 
the upper eection of the furnace to its approximate operat- 
ing temperature. When the fuel rate was eteady throughout 
the run the temperature at No.1 thermocouple remained 
quite steady; the temperature at No.2 thermocouple rose, 
rapidly at first, and then more slowly, to a maxirum. When 
the fuel rate was interrupted in any way, so that the air- 
fuel ratio was increased, the cooling effect was immediately 


noticeable at thermocouple No.1. This cooling effect suggests 
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that the results would be improved by changing the method 
of mixing the fuel and air so that all the air le not 
introduced with the fuel through the atomizing orifice. 
The furnace temperature used in the calculation of the 
results was taken as the arithmetic mean of the temperatures 
measured at thermocouples No.l and No.2. 
Data from the Rung 

The internal consistency of the data was based upon 
the agreement of the air-fuel ratio computed from the gas 
analysis and the measured air-fuel ratio. The srror between 
these two quantities baeed on the meesured ratio varied 
from a maximum of +11.40% for run number 9 to a minimum of 
zero for run number 13. These quantities should have been 
in much better agreement in order to be able to place any 
reliance in the results. The lack of agresment is attri- 
buted to the difficulties with the fuel rate and the gas 
anelysis unit related previously. 

The summary of the data and calculations is presented 
in Table 1. 

in view of the lack of internal coneistency in the 
data, it was not expected that a correlation could be obtain- 
ed. ZIn order to test the possibilities of a correlation, 
the measured air-fuel ratio was plotted versus the calcu- 
lated residence time for each run, each point representing 


one run and being labeled with the unburned fraction for 
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that run. This plot is shown in Figure VII. had the 
data been consistent, all points representing the same 
unburned fraction would have fallen on smooth curves as 
illustrated by the dotted curves in Figure VII. The 
reason for the shave cf the curves is as follows; 

(a) For a constant air-fuel ratio, increasing the 
residence time should decrease the unburned fraction. 

(b) For a constant residence time, there should be 
two air-fuel ratios at which the same un>durned fraction 
will be obtained. The lower of these two air-fuel ratios 
ig the one at which the unburned portion is caused by in- 
eufficient air; and the upper ratio is the one at which 
the unburned portion is caused by cooling cf the flame 
from too much air. 

Figure VII shows that the data obtained are not suf- 
ficiently consistent to permit a correlation. The only 
possible conclusion with regard to the objective of tne 
etudy is tnat the results are negative. It does not follow, 
however, that a correlation of the type sought in this in- 
veetigation is not possible using the game general method. 
With certain changes in the equipment and with more than 
one person operating the equipment, data of sufficient 
accuracy to permit their correlation could be obtained by 
the method of this investigation. The changes in equipment 


believed necessary are as follows: 
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(a) Install an air blower of sufficiently high pres- 
eure rating to permit the use of secondary sir injection 
into the furnace below the atomizer and still have adequate 
preesure for the atomization of the fuel. The biower 
should have a rating of approximately 100 cu.ft./min. at a 
pressure of 12%-15" of water. The atomizing air would 
have to be metered separately. 

(bo) Construct a large, shallow fuel reservoir of « 
Capacity large enough to permit the runs to last approxi- 
mately one hour. This fuel regervoir should be located in 
a position a:rroximately four feet above the top of the 
furnace. A capacity of two gallons should be adequate. An 
alternate possibility wouid be to provide a pressurized 
fuel reservoir, which could be maintained at constant totai 
head on the fuel oil. The first suggestion would be much 
simpler. 

{c) The fuel supply line should be equipped with an 
accurately calibrated meter to messure fuel rates as a 
check againet the fuel rate determined from the fuel weight 
difference and the time of run. A Rota-meter type fluid 
meter would probably be suitable. 

(d) The air supply system should be altered so that 
part of the air can de injected as secondary air below the 
atomizer when high air-fuel ratios are used. This change 


would necessitate the inetallation of another air meter to 
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measure the atomizing air. <A possibie arrangement in- 
corporating this change is shown in Figure VIII. 

The procedure for making the runs should be changed 
so that a longer warm-up period is used prior to making a 
test run. Based upon the experience gained in the present 
study, the warm-up period should be long enough to raize 
the temperature at the lower section of the furnace to 
approximately 1100°F. his action would insure s more 
steady temperature at the lower section during the run, and 
would not require a warm-up period of more than half an 
hour. Also, the length of the runs should be increased to 
about one hour in order to permit the furnace temperatures 
to become steady before taking the gas sample. 

The recommendation that more than one person should 
be employed to operate the equipment is based upon the dif- 
ficulty experienced by the author in trying to operate, 
control and maintain the equipment alone. If the proposed 
changes are incorporated in the arrangement, another person 
would be required to assist in the control of the equip- 
ment and in teking the readings. 
Visual Observations 

The view of the flame furnished by the upper sight 
glase revealed little information about the nature of the 
flame. The usval appearance of the flame in this sight 
glass wae a fluttering luminosity. In rune of high air-fuel 
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ratios the flame disarpeared from view in the upper sight 
flass. The ignition of the fuel was dependent upon its 
being heated to its flash point by radiation from the sur- 
rounding refractory surfaces. When high air-fuel ratios 
were used the refractory near the atomizer was cooled, 
thus the flame followed the hot refractory down into the 
furnace. In this way the volume and time available for 
combustion were seriously reduced, although the amount of 
this reduction could not be determined. In a determination 
of the space reouiremente for combustion it is moet im- 
portant that the flame remain fixed; therefore, provision 
must be made to insure that the flame is not blown away 
from the atomizer. 

The flame, as viswed in the lower sight flass which 
is midway in the furnace length, ordinarily appeared as 
paraliel streaks of luminosity, which might be described as 


@rain of fire. 
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FIGURE VI// 
CURVES OF FRACTION UNBURNE D 
VS. 
AIR-FUEL RATIO & RESIDENCE TIME 
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r CONCLUSIONS 


PE eee 


The equipment tested is neither adequats nor satis- 
factory for the purposs of obtaining data which can 

be utilized in a correlation of the factors affecting 
the space requirements for the combustion of distil- 
late fuel. Thie etatement is particularly true when 
the field of interest is in very high heat release 
rates. 

By incorporating in the equipment and the procedure 

the changes found necessary as a result of this study, 
a satisfactory analysis of the factors affecting the 
@pace requirements for the combuation of distillate 
fuel could be made. The equipment could be used to 
study independentiy the effects of air-fuel ratio, 

drop size and residence time. 

Air atomization of fuel olis with low viscosity is 
quite satisfactory with regard to the degree of aton- 
ization. When high air-fuel ratios are used, provision 
should be made to uge secondary air rather then inject- 
ing all of the combustion air into the furnace with 

the fuel. 

Data for the purposes of analysis and correlation 
should not be taken until the furnace temperature level 
has become steady. 


Sinee the gas analyses form such an important part of 
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the data, the gas analysis unit must be scrupulously 
maintained in perfect working order. 

The equipment cannot be properly anc carefully operated 
by one person. 

The equipment represents an economical methad of 
etudyineg the factors effecting the cembusetion of fuel 
olla. 

The equipment, as tested, could not be used to obtain 
heat release rates in excess of 170,000 B.t.u./eu. ft. 
of furnace volume ~- hour - atmogphere without the 
formation of soot. It is interesting to note that this 
rate was the designed rate based upon the combustion 


of heavy fuel oil. 
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VI. _ RECOMMENDATIONS 


The investigation as outlined in this report should 

be continued. It holde promise of yielding informetion 
useful in the design of gas turbine combustion chambders. 
An air blower with a rating of approximately 100 cu.ft. / 
min. at a pressure of 12" to 15*° of water should be 
uged. 

The present fuel reservoir should be replaced by a 
shallow reservoir with a two-galion capacity. 

The air supply system should be changed so that part 

of the air can be injected as secondary air below the 
atomizer when air-fuel ratios greater than 20 1lb.sir/ 
ib. fuel are used. 

The runs should be extended to a one-hour period to 
permit the furnace temperature ievel to become steady. 
Prior to making a run the temperature of the lower 
section of the furnace should be raised to approximately 
1100°F. 

More than one person should be employed to operate the 
equipment and take the data. 

A gas analysis unit should be reserved for exclusive 
use in thie study. 

The fuel supply line should be equipped with an accu-~ 
rately calibrated flow meter. 


An accurate chemical analysis of the fuel should be 
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obtained before starting the teet runs. 

A series of rung should be made using the reduced 
furnace volume which is permissible with the furnace 
as designed. 

The unburned fraction should be based upon heating 
values rather than oxygen requirements. 

A separate study should be made to test the validity 
of the equation of Nukiyama and Tanisawa when used to 
predict the mean drop diameter with air velocitiese 


less than 200 ft./sec. 
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A. SUPPLEMENTARY INTRODUCTION 





Background of the investigation 

There were found in the literature only three examples, 
(4, 5 and 6), of analyses applied directly to the problem 
of the space requirements of fuel. One of these, by 
Hawthorne (4), 48 an unpublished paper, so that it cannot 
be included yet as a part of the literature. It is included 
here, however, as an illustration of one approach to the 
problem. 

In 1935 Dr. I.W. Heiligenstaedt, in (5), presented a 
very neat design equation for the volume of combustion 
chambers using gas fuels. He developed his equation by 
ignoring the effect in variation in air supply. In certain 
applications the variation of the air supply would not be 
an important factor; however, for fenersl application hie 
equation cannot be considered adequate. Hie design equation 
is ae follows: 

Ry (By Fy 
Ry is the required furnace volume, meter-. 


Q is the desired heating rate, kilo-caloriss/hour. 


K is a combustion constant dependent upon the type 
of mixing of the gas and air. 


f is a function of the fraction unburned, the enthalpy 
at the end of complete combustion, the epecific heat 
of the combustion products and the degree of pre- 
heat used. 
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From a study of the mixine procese in several common types 
of gas burnere, Helligenstaedt gave the combustion con- 
etant, KX, typical of each burner. 

in 1940 Profeseor H.C. Hottel and I. MCC. Stewart 
presented an excellent analysis of the espace requirements 
for the combustion of pulverized coal. Their very iogical 
method was to combine a law for the size distribution of 
pulverized coal and the laws of burning individual coal 
particles with reagonable assumptione concerning the coking 
characteristice of coal particles and the type of mixing. 
By a Suitable choice of variables the results were repre- 
sented graphically in terme of dimensionless quantities. 
These curves predict the fraction of the original fixed 
carbon which remains unburned at any time as a function of 
the chamber size, firing rate, finenees of grinding, a 
flame temperature, and a combustion constant. The combus- 
tion constant applies only to a given furnace and must be 
obtained experimentally on the furnace. 

The theoretical relation developed was applied to 
four different coals using data obtained by other investi- 
gators. Yhe combustion conetant, when properly chosen, 
brought these date to within close enough agreement to con- 
clude that the analyeis could be applied to other pulverized- 
coal fired combustion chambers. 


Profeseor W.R. Hawthorne, at the Massachusetts Institute 
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of Technology in 1946, prepared a paper, as yet unpublieh- 
ed, entitled, “Space Recuirements for Combustion in Gas 
Turbines." This paper was obligingly made available to 
the author; it would not, therefore, be ethical to repro- 
duce Profeseor Hawthorne's ideas here. It is permissibdle, 
though, to present in gensral terms his result, which is 
consistent with the theory. Professor Hawthorne's study 
ig centered on gas turbine combustion chambers for air- 
craft, and was made with the object of suggesting a simple 
method of estimating the effect of combustion chamber dimen- 
eione on the performance of such gas turbines. In its 
final form, the equation which he developed gave the frac-~- 
tion unburned es a logarithmic function of the ratio of a 
burning rate parameter to a combustion intensity factor 
and the diameter of the combustion chamber. Hie equation 
wes not supvorted by sufficient data to be considered con- 
clusive; however, it is a step in the right direction. 

Erkenbrack and Zoeller (3) made a macroscopic study of 
"Air Atomization of Fuel O11" using diesel oll. They 
studied the effects of fuel orifice diameter, fuel rate, 
air velocity and type of injection on the characteristics 
of an alir-atomized fuel spray. Of their conclusions, ths 
following were of particular interest and were substantiated 
by the present study: 


(a) With increaging fuel orifice diameter, there is no 
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(c) 
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appreciable effect on drop size at air velocities 
pufficient to give accertable atomization. 

With increased air velocity, drop size decreases 
while dispersion and uniformity increase. 

With increased fuel rate, there is no appreciable 
effect on drop size at air velocities sufficient 

to give acceptable atomization. At low air veloci-~ 


ties, drop eize increases and uniformity decreases. 


Findings of other investigatore which hold particular 


interest for the present study are listed below. 


(a) 


(b) 


T.¥. Chang, in his investigation of "Combustion 
of Heavy Fuel 011," (2), concluded that “Although 
combustion is usually considered as a chemical 
procees, the physical processes of heat transfer, 
distillation, and diffusion are of more control- 
ling importance in the succeesful utilization of 
heavy fuel oil. * 

C.B. Leising and 5.4. Rice studied the propaga- 
tion of flame in diesel oil sprays, using pressure 
atomization and spark ignition. They concluded 
that factors which increase the degree of atom- 
ization also increase the percéSntare excese sir 
at which ignition may be obtained for given con- 


ditione. 


The above concluegion of Chang may also be applied to 
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the combustion of light fuel o118, although the chemical 
ecompositions are widely different from hesvy fuel otls. 
The processes of combustion for heavy fuel olls anc light 
fuel olls are also different. The combustion of heavy 
fuel oil takes place in tnree stages; preheating of the 
011 particles, vaporization, and heterogeneous combustion 
of the coke residues. From tne present study, there was 
no evidence of the third stage, nor would it be expected. 
When the increase of excess air was not sufficient 
to blow the flame away from the atomizer, the conolusion 
of Leising and Rice, stated above, was borne out by the 


present study. 
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i. PROPERTIES OF TRE FUEL 


The fuel ofl used for this investigation wes U.S, 
Navy Standard Diesel O11. The properties listed below 
were determined by the Boston Naval Shipyard from teets 


on a sample of the oll used. 


Gpavity, A T., GOR... ic... ec eee. 26.15 
Flash Point, (Pensky-Martene), °F... meh. ... o> BeBe 
Viscosity, 100°F., S8U....... cece eee . 36.0 
Wet@T onc BOG LMG. ... .. . ne. cue eee eee eb none 
Conradson Carbon (10% bottoms).......... as) «6p aR AN 
eee eee id ne -co 0,007 9% 
Corrosion Test, 32 hrs. at 212°F.......... .. pase 
@mifur........, oe ie Pee - Sant , 6a 
90% Distillation Temperature............ ,ee «6=5EG°R. 
Golor, ASTM.......... ee ee ee ota Lae 
Diesel Index RO... ee ee . $82 


Calorific Velue 
(Total - Emergon Calorimeter)........... . 19,771 Boteau’ ®, 
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The air flow rate was measured by means of an ASHE 
sharp edged orifice with vena~contracta preseure tape. 
The upstream pressure tap ie one pipe diameter, or 3.32 in., 
from the after face of the orifice plats. Thie preesure 
tap was used to obtain tne upstream etatic pressure. The 
orifice diameter le 1.992 in., givine a diameter ratio of 
six-tenths. The downstream pressure tap is 1.294 in. from 
the face of the orifice. This tap was used to obtain the 
differential pressure across the orifice. The static and 
differential pressures were measured by means of two water 
menometers, with an accuracy of t lomr. of water. The 
maximum error was 9.1%. 
Fuel 

The fuel gample was weisned to the nearest 0.25 oz. 
before and after the run, giving an overall accuracy cf 
~ 0.0312 1b. The time of the run, or time of the fuel flow, 
was measured with an accuracy of 1 5 gec., or = 0.083 min. 
Tas error in the fuel rate measured in pounds per minute 
is then negligible. This fuel rats, however, is only an 
average rate which Goes not represent the actual conditions 
unless the rete if steady throughout the run. The flow was 
not steady in many of the runs conducted. The unsteadiness 


of the fuel flow wat evident from sudden, marked drops in 
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the furnace temperaturee, which indicated interruptions 
in the flow. 
Temperatures 

The fuel and air temperatures were measured with 
mereury-in-glace thermometers to the nearest 0. 5°R. , whith 
wives an error of 1.2% for the usual range of temperatures. 
These temperatures were not simmificant, however, in any 
of the computed réenlte. 

Chromel-Alumeal thermocouples wera used to measure 
the temperatures of the furnace and exhaust gases. Theee 
thermocouples have en inherent accuracy of 1.0% when used 
in conjunction with the Standard Table for Chromel-Alumel 
Thermocouples, prepered by the National Bureau of Standards. 
The potentiometer used to measure the potential of the 
thermocouples was a Leeds and Northrup, of the doublsee-scale 
type. The readings were obtained to the nearest 0.1 milli- 
volt, which vives an average error 0.3%. ‘The total error 
in the temperatures meaeured by thermocouple was 1. 24. 
Gag Analysis 

With the Fisher, unitized, precision gae analysis unit, 
it ie possible to make gas analyses with an error as small 
as 0.1%, Suen accuracy was not attained in thie investica- 
tion. The difficulties experienced with the gas analysis 
unit are presented in the Rerulte and Discussion section of 


thie report. 
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Original Dats. 
the original data obtained in this investigation 


hee Deen placed at the disposal of Frofeasor 1.0. Hottel. 
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D. COMPUTATIONS 


oo er ee 


In thie section are presented only thoee computations 
which involve special formulae or definitions. Ail other 
computatione used in this study involve only standard 
stoichiometry or conversions. 

Fraction Unburned 

Por the purposes of thie study, the fraction of the 
original fuel which remains unburmed, U, at any time, ©, is 
Gefined ae tne ratio of the oxygen required to compiete the 
combustion to the oxygen required for theoretically com- 
plete combusticn. The data from the gas analysis are used 
for the calculation. When expressed a& a percent, the 


equation for U is written as follows: 


mole Oo required to complete combustion 


U = x L0G 


Sr a) Ee 








ar mirage 








AO rh SE TR 


mole theoretical Os 
Air Rate by Meter 
The equation used is one recommended by The A.S.E.E. 
Research Committee on Fluid Meters, (1). The equation is 
for use only with thin-plate, sharp-edged orifice meters 
witn vena-contracta pressure taps. 


] h T. 
@, = 3.6408 Ky pe | wt 
‘A 1°3 

Py 


# 


&, = air rate in cu.ft./min. at p, and f,. 


The constant contains the preper conversion factors. 
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* the discharge coefficient wiich is a function of a 


velocity coefficient and the ratio of tne cilameter 

of the orifice to the ineide diameter of the air duct. 
For e given Ciameter ratio, K varies only with the 
Reynolds number at the orifice; and the variation is 
small for a great range ef Reynolds numbers. The 
diameter ratio for the orifice used is 6.60, for which 
the values of K are given below: 


Reynolés number - 35,000 50,000 75,000 100,000 
K - 0.6602 0.6581 0.6564 0.6553 


an expangion factor, which ie a function of the 
diameter ratio, the type of fluid and the preesure 
ratio across the orifice. For the pressure ratios 
encountered in this study, thie factor was alwaye 
equal to unity. 


the orifice diameter in inches = 2.99? in. 


the preesure differential acrose the orifice, measured 
in inches of water. 


the absclute temperature, in degrees Fahrenhsit, cf the 
fluid upstrean from the orifice, 


the absolute pressure, in lb./eq.in., of the fluid, 
measured at the upstream pressure far. 


a compressibility factor, which, for the pressures in- 
volved, was always @qual to unity. 


in using the equation, an assumed value of K is firat 


used to solve the equation. The Reynelde number is then 


obtained and the vaiue of K echecked. The variation of K 


ig £0 @mali that, ordinarily, the first assumed value of K 


ig near enough. 


Percent Exceges Air by Meter 


Thie quantity is defined by the ecuastion below, in 


which the symbol a represents percent excess air by meter. 


‘f 


~ ., (gir rate by meter att 
By“ (theoretical air rate +) * 100 
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The average time required by 2 particle of fuel to 
traveree the length cf the eccombustion charber mey do¢ ex- 
pressed arproximately as the quotient, Furnace Volume/Flow 
Rate of Furnace Caeee. Exprersed in this manner, the 
residence time, Gp, 1s not exact; however, it is useful 
for purposes of comparison. 

Mean Drop Diameter 

The application of the equation of Nukiyama and 
Tanisawa (9) to predict the mean drop diameters in this 
investigation has been digcusged in Results and Discussion, 


The equation is presented below, 


! 
. 565 Ty _.)°*"? (2000 _gp)**? 
D,, 4 597 | } 
i RK ) ® fee ( Ga ) 
Dye = volume-surfate mean drop diameter in microns. 


= velocity of air relative te the liquid at the orifice 
in meters/eec. 


Y * surface tension of the liquid in dynes/er. 

© = @ensity of the liquid in enm./ee. 

It @ viscosity of the liquid in dynes-cec./om. © 

Qy = volumetric rate of the liquid in ce,./eee. 

Q, * volumetrie rate of the air in ce. /eec. 

The relative velocity, Ve, is obtained from the following 
equation, in whien C is the diecharra coeffielent of the 


atomizing orifice; 
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in this equation, &, ané Qp are in meterg-/sec.; ant Da 
and Dp are, respectiveiy, the air and fuel orifice diameters 
in meters. The discharge coefficient of the air orifice 
is taken as 0.64. 

For the diesel ofl] used, the surface tension was 2& 
dynes/em. and the density was 0.844 em./oc. The equation 


for Dis then recuces to the following form: 


microne. 


0 O45 aD 
Dy = 3922 + 293(u)°r"5 (2000) 


Beat Release Rate 

The heat release rate snould properly be computed from 
a neat balance on the furnace; however, an approximation 
wae used for the sake of simplicity of calculation and pro- 
cedure. It wae not desirable to have to take temperature 
readings of the exterior surfece of the furnace and the 
eooling water, nor to measure the cooling water flow rate. 


The following approximation was used: 


lieat Release Rate = Ag5e ey Aid B.t.u./hr.-ft. Sma tri. 


U the fraction of the fuel unburned. 

LEV = the lower heating value of the fuel in B.t.u./lb. 

18,775 B.t.u./lb. 

the fuel rate in lb./hr. 

Vol.= the furnace volume in ft.5= 1.698 ft.2 

Pp = the absolute pressure within the furnece in atmospheres. 


bi 


"1 


it 


This approximation 1s not too far wrong, for comparative 
purposes, when the unburned components are of the same com- 


position from one run to the next. 
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E. SAMPLE CALCULATIONS 





Data 
Run No;* 3 
ktomiging Orifice = 2400 in. Fuel Orifice = 0.0465 in, 
Barometer = 756.2 rm. He. 
Wet Bulb = S&OF. Dry Bulb = 76°F. 


Room Temp. = 76°F. 

, Lb. He0 

So. Humidity =~ 0.00295 a2: 72s 
lo. air 


Fuel Wt.before run=16 1b.14.5 og. Time run started=1141:00 
Fuel Wt. after run=_7 lb. Time run en@eR 1212200 
Fuel Consumed = 9,906 Lb. Total tims = 31.00 min. 





Puel Temp. = 75.5°R. Fuel Rate = 0.126 1b./min. 
Inlet Air Temp. = 80.6°F. 


Chamber Prees. = 0.6 cm. HO 


Orifice Meter Pressures 
Pz = 23.50 om. Hg0 hn, * 1.15 em. HpO 


Thermocouple Readinge (millivolts) 
Time 1140 11242 1148 1153 #21158 #$jfj.312012 #=+$41207 #&=1210 ‘ 
ave 
TC, 39.45 61.70 41.80 42.50 460.20 79.15 27.00 35.40 1750°FR. 
Ta 86.20.60 23.35 25.80 27.90 29.10 29.40 29.45 29,40 12% °F. 
TC, il. 90 13.55 13.68 14,78 14,30 24.12 13.87 13.74 647°R. 


Furnace Temp. = 1492°F, (Average) 


Gas Analysis 


C09 nse eis 2 aves @eeevresvvoerxreoeveerevseevve vr an ° G. G35) 
Os eo ¢ a * @s6s 8 © € @ @&¢h 8 hUHhmUMOMhUhOhUhHMhUMShlUF * @6e80e @® # %» @ @ a 3, 67 5/5 
Gembwetiblee 2... 6. ce te ee . O.914% 
Atome © in combustible = 0.914 
Op required to burn = 0,457 
Ro oae£+seeepeoeveeevnatanse eee aaueneae bob) le ee we AO ea 81 s a1 6% 


100. 000% 
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Celculations 


Basis: 100 mols dry exhaust cases = 1066 mois G 
(mals 02) 


(roils No) _ 2) 


Oo utilized = (mole No)x 


= (81.576) (S202) _ (6,675) = 12.875 mole 0, 


Oo necessary = Op utilised + OQ, required to cormlets 


combusotion 
= 12.875 + 0.457 = 13.332 mols Se 
Oy recauired to cormiete commistion 
Fraction unburned = U (%) fe pa aes eae ~ : : 
Gp necersary/100 


= 15,7/13, 392 = 2.42% 


SEL AE OL SELLE PA AEFI IP. LN. PEE SE RED Par 








ee Mey ER Min oping 


Total Carbon « G,749 atome 0/100 mols ¢ 
Total Hydrogen = 7,16 mols Hp/100 mols G 


Air-Puel ratio by gas analysis, lbs.air/lb. fuel; 


. = (mole No) (-bmobain.) (25.97 2d. air) 
: mol8 N2/(0.791 mol No)( 1 mol air ) 


(81.576) tge-Sgz) (29.97) = 2999 lb. air 


F = (12.01)(total carbon) + (2,02) (total hydrogen) 
m (12,.01)(9.749) + (2.02)(7.16) * 122.5 1b, fuel 


(A/F) gq, * 2990/131.5 = 22.70 


(mole Gg supplied) - (mols 62 necessary) 


Excese Air = 4 
(mole O59 necessary )/100 


“ (22, ~ (12, 232) | ‘ of 
EAA 13. 372 cate! Oe 100 61.6% 





, tr & lk. Yuel ou. ft.ainr 
Te nae id.fuel * Sin, * “mol air 

* Gh 6G} 

= 0.4935 0.3426 ed (aid C28} 

er] (359) (gag % 773) 


* 23.45 eu. ft.air/min. 
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Air Pate by Meter: 


27 h,, Py 


Assume Reynolds number at the orifice = 36,000, for which 


K = 0.661 T, = 60 + 460 = 520°F. abs. 

Xy™ 1 y # 2] 

Do* 1.992 Ain. Dg = 3.96 sq. in. 

hy 1.15 om.M20 = 0,452 in, H50 py @ 773 mute. = 14.92 pele 


(3.4603) (0.661) (1) (3. 96) tp = 31 30 cu. fti/min. 


e- 
~ 


Cheek on the assumed Reynolds number: 
Re} _ pvp V = velocity throurch orifice, ft. /see. 

D* orifice diameter, ft. 
p = air density, lb./cu. ft. 
i. * air viscosity, lb. /sec. ft. 

¥= (98.3 cu. ft./min) (1 min. /60 see. )(1/6.0216 eq. ft. )=29.55/ ft. eae. 

9 = 0,0748 lb./ou.ft. D = 06,166 ft. 

we * 12.1 x 107° av. /sec. rt. : 

(Re) = (0.0748) (29.55) (0.166)/(12.1 x 107%) = 30, 350 

The above Reynolds number is near enough the angumed value 


shht the value of K need not be changed. 


Pareent Execeas Air by Heter: 


m, = Atetate oy meter — Theoretical air rate . 199 
: rheoretical air rate 


; 5 Af ™ 100 = 63. % 
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roraant Drror in Exeessn Air: 


(3 = ) (51 
ie x 100 = Pk - i? ~ 100 « {~} 2.689 


Magncupred Air-Fuel Matic: 


ry. a5 cu, ft,air , S901 air x 2o297 Lehr , 492 aa 
wre 126 ib. fuel * "359 cu.ft rt. L mol air * EHC * FEO 


= 22.70 lb.eir/lb. fusl 
Percent Error in Air-FPuel Ratio: 


cre (e270 4} ) 
ATP)y 1 x 100 = (33°%G - 1) x 100 = 0.00% 


Furnace Gases: 


+ ns bs atom © oe mol G oc pol. G 
oe Settee balanes; 00 1b. fuel 9.705 atom 7625 Ib, fusl 


Gombustion Air = Ol. 576 mol We _ 100 mol_ air, 103.1 mol air 
160 mol G 79.1 mol Mo “100 mol ¢ 


0.00635 mol N2O 102.2 BO} Bol air . 0.655 mol Met 
mol air *100 mol G” “TO0 mel © 
7.16 mol HeG 
100 mol ¢ 
(7.1 16 + 0.655)mol 220 , 227625 mol G . 0.0596 mol Hg0 
“160 mol G | ib. fuel Tb. _— 


HoO in Comb. Alr= 





i990 from H in fuel * 





Total Hed = 


Total cages = 0.7625 + 0.0596 = — eEgL 225 


Residence Times: 


Furnace Volume = 1.698 eu.ft. Furnace tesp. = 1492 + 4é0 
 1952°R, abs, 
Fuel Rate = 2s "ee fuel, xe 2,10 x 1073 1b. fuel/sec. 


Ou. ft.faeses . 2.10x10- Jl», fuel , 0,822 mol SOs O8 ~ 359 ou, ft. > 
iD. fusl . L mol 


ec, €ec. 


Hee x fo 2.26 cu.ft. garseg 
7—UOC«Sr 6ac. 








ip = — 


RF 
¥ o 
“iae® 


Heat 


t} ea 


Vol./cu.ft. gases/sec. 


Be = 0.69 sac. 


| Drop Diameter: 


AEs ote Rhe x - man. , 6.0283 cu.m . 0.01508 Cu.me 
min. 


60 sec, ~*~ + eu, Ft. nee. 


? 
6.6985 cu.ft./aec. Dg, ™ 1.00 ing ODA (1/14h)eq. ft. 


i 
7 me wan 4 tie 182,28 ft./see. = 55.70 m/sec, 
O 


2,10 = 1073 lb. fugl , L cusft. fuel er ae 


ae0, % 63,6 lo. fuel * “Yeu. ft 


1.129 x 1075 cu.m. /mac. 
1.808 x 1072 
1.129 x io” 


% x 1.12 
tm Ejaz) 210 1.03 m./sec. 


1.295 x 1078 sq.m. Qp/ap = = 16,000 


* Va-Ve = 55.70 —- 1.03 = 54.67 m/sec. 


G,0422 dyne-eec./em. 
2770 ¥ 85.(x000 265 
2 4) Mages mM 
My * 299 () (RGR) —— 
2376 , ( 2-)3,5 
eh, + 293(6. 0h p22)0s Ko sr) ? 


61.55 + 2.10 = 62.65 microne = 0.00246 in, 


Release Rate: 


{ mil (Ly CF} 8, e,. iwie 
Vol. P 


H@lease Rate = a -csin 
hr. =F. ye TBs ~“atr ‘Le 


3.424 or 5.072 


LEV = 18,775 B.t.u./1b. fuel 


PF 0.126 lb. fuel/min. x 60 min./hr. = 7.56 Ub. fuel/hr. 


Vol. 


= 1,698 cu.ft. 


1 = 1 atmosphere 


beat 





Heleage Rata = 40. 





(1. 698 
» $0,750 B.t.u./hr.-cu. ft.-atm. 
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